RNA-binding proteins (RBPs) interact with and determine the fate of many cellular RNA transcripts. In doing so they help direct many essential roles in cellular physiology, whilst their perturbed activity can contribute to disease aetiology. In this chapter we detail a functional genomics approach, termed individual nucleotide resolution UV cross-linking and immunoprecipitation (iCLIP), that can determine the interactions of RBPs with their RNA targets in high throughput and at nucleotide resolution. iCLIP achieves this by exploiting UV-induced covalent crosslinks formed between RBPs and their target RNAs to both purify the RBP-RNA complexes under stringent conditions, and to cause reverse transcription stalling that then identifies the direct crosslink sites in the high throughput sequenced cDNA libraries.
Introduction:
The fate of a transcribed RNA is largely determined by interactions with RNAbinding proteins (RBPs) [1, 2] . For example, RBPs can regulate the posttranscriptional processing, stability, localization and translation of RNA transcripts as they progresses from transcription to degradation. According to a recent census, ~1542 RBPs [2] are found in humans, with each RBP expected to interact with hundreds-to-thousands of RNA targets. Conversely, individual RNA transcripts can interact with hundreds of RBPs during their lifetime [3, 4] . These RBP-RNA interactions occur because the RBPs are recruited to their specific target loci through recognition of specific features (e.g. sequence motifs, secondary/tertiary structures, protein-protein interactions), with these features widely dispersed across the transcriptome. Unsurprisingly, this one-to-many activity means that numerous RBPs have fundamental roles in cell biology [5, 6] , whilst perturbed activity of several RBPs contributes to various disease aetiologies [1, [7] [8] [9] . Accordingly, RBPs have attracted considerable interest in recent years, whilst specialized techniques have been established in order to determine the sites of RBP occupancy in a transcriptome-wide manner.
RBP-RNA interactions are primarily studied using variants of the RNA immunoprecipition (RIP) and UV crosslinking and immunoprecipitation (CLIP) techniques. RIP involves the immunoprecipition of a RBP together with its bound RNA that is converted to cDNA then sequenced. Although native immunoprecipitations are most commonly used [10] , stability of interactions is in some cases strengthened through use of reversible paraformaldehyde crosslinking. In contrast, CLIP-based approaches initially use UV crosslinking to form an irreversible covalent bond directly between RBPs and their target RNAs.
Unlike the use of paraformaldehyde that can crosslink protein-protein, protein-DNA and protein-RNA interactions, this UV-induced crosslinking is specific to protein-RNA interactions over zero-length distances [11, 12] . This allows CLIP to use more stringent biochemical purification of the bound RNAs that reduces the signal-to-noise ratio, and which also helps eliminate non-specific interactions [12] [13] [14] [15] [16] . Accordingly, several CLIP protocols have now been developed (Table 1) , as they have become the methods of choice for studying protein-RNA interactions. Presently restricted to cell lines, 4SU can cause toxicity, requires cDNAs to read-through the cross-link site, most reads either lack T-C transitions or have more than one transition. [15] iCLIP
Adapter design and library preparation
Captures both read-through
Data interpretation is [19, 20] Less stringent size selection of cDNA inserts due to bead-based cleanups and PCR [26] In this chapter we discuss the rationale and application of one CLIP method in detail;
individual nucleotide resolution UV-crosslinking and immunoprecipitation (iCLIP) [13, 19] . Like other CLIP approaches, iCLIP involves cross-linking RBPs to their RNA targets, immunoprecipitating the RBP-ofinterest, digesting away the RBP, and converting the bound RNA into a cDNA library that can be high-throughput sequenced. The advantage of iCLIP over other methods is that it specifically exploits the fact that ~80-100% of cDNAs produced during the reverse transcription step of the protocol truncate at the protein-RNA cross-link site ( Figure 1A ). This truncation has been both experimentally and computationally validated [27, 20] , and implies that CLIP protocols requiring crosslink read-through by the reverse transcriptase (e.g.
HITS-CLIP, CLIP-Seq, PAR-CLIP) are losing information during library production. In contrast, by using an adapter configuration that captures both truncation events and read-through events ( Figure 1B ), iCLIP allows identification of the cross-link site with nucleotide resolution and permits quantitative assessment of RBP-binding activity [19, 28] . The eCLIP protocol additionally exploits this truncation event using a different adapter configuration, but fundamentally differs from iCLIP in its absence of a protein-RNA complex visualization step [24] . We always recommend complex visualization to help identify or exclude contaminating complexes contributing to the signal, reveal dimers/trimers that may be of interest, allow accurate isolation of RNAs that are of suitable length for library construction, and to provide an additional purification of free RNA that may stick to the beads used in the immunoprecipitation.
The iCLIP protocol has been extensively optimized in recent years, and we refer the reader to two closely related publications from the Ule [13] and Konig [29] research groups that will assist with experimental design alongside the current chapter. In the described protocol we additionally incorporate the use of a nonradioactive adapter that will permit a broader use of the iCLIP approach than the previous radioactivity-dependent method. This adapter was recently introduced in the related irCLIP method from the Khavari group, and has potential to allow accurate quantification of RNA inputs at different steps throughout library preparation [26] . These additional benefits are not described in this chapter and the reader is directed towards the irCLIP manuscript. Instead, here the adapter is used simply as a substitute of the traditional iCLIP adapter described previously.
The iCLIP approach is a multi-step process and care must be taken at each in order to ensure protocol success and library fidelity. The appropriate use of controls can allow the protocol to be troubleshooted in real time. However, section 4 provides additional tricks and troubleshooting tips to assist further. 
3.
Ensure cell culture dish lids are removed before irradiating cells at 150 mJ/cm 2 at 254 nm.
Important: Remember to proceed with some plates to step 4 with no crosslinking. These will be used as a no UV control (see Note 6).
Immediately harvest cells through gentle use of a cell scraper. Cells
should be aliquoted into 2 ml samples (see Note 7).
5.
Spin cell suspensions at 376x g for 1 min at 4 o C to pellet cells. 6 . Remove supernatant and snap freeze cells on dry ice. Store cell pellets at -80 o C until use.
Bead preparation
1. Add 100 μl of protein G or protein A magnetic beads to a microcentrifuge tube (see Note 8).
2.
Place microcentrifuge tube on a magnetic rack, remove supernatant, then wash beads twice in 900 μl of lysis buffer. Beads should be resuspended by rotation for each wash (see Note 9).
3. Resuspend in 100 μl per sample of lysis buffer.
4. Transfer 100 μl of bead suspension to a second microcentrifuge tube to act as no antibody control in order to confirm that the signal is dependent on antigen and not unspecific RBPs or RNA binding to beads (see Note 10).
5.
To the first microcentrifuge tube add 2 -10 μg antibody per sample (see Note 11).
6. Rotate tubes in a cold room for 30-60 mins whilst proceeding with sample preparation (section 3.3).
7. When lysate is ready wash beads in 1 x high salt wash and 2 x lysis buffer.
After final wash resuspend beads in 100 μl lysis buffer per sample.
Proceed to step 4 of section 3.4. 13. Visualise protein-RNA complexes using appropriate fluorescent imager and return to PBS until protein-RNA complex isolation (see Figure 2A ).
Sample preparation

14.
Print image at 100% scale on acetate film. It is recommended that a grey scale image be printed to facilitate alignment of ladder markers between the film and the membrane (see Figure 2A , lower panel). Figure 2B ). Appropriate silencing will reduce intensity of protein-RNA smear in step 3.6.13 rather than reducing size of smear.
Protein
It is important to keep the crosslinking conditions identical between
experiments. This includes the height between UV bulbs and exposed samples. Finding a suitable tray that fits inside the crosslinker without interfering with the automatic cut-off switch will facilitate this. 11. A positive control, such as anti-hnRNP C antibody [13, 19, 28] , may be used to confirm that iCLIP is working in the hands of the experimenter, and provide a comparator of antigen size against RBP-of-interest. It is strongly recommended that a new iCLIP setup is first tested with a positive control antibody before moving on to a new RBP.
12. The integrity of the iCLIP protocol and the subsequent bioinformatics analysis strongly depends on optimal RNase digestion conditions [20] . In order to ensure samples aren't over or under digested, it is critical that each new batch of RNase I is tested for activity on each batch of sample preparations used. In test experiments, dilutions of RNase I should span from 1:10 -1:2000 (Figure 2A ). In addition to fluorescent probe analysis following SDS-PAGE and nitrocellulose transfer, small aliquots of RNA extracted following proteinase-K digestions should be run on denaturing UREA gels in order to accurately assess RNA sizes corresponding to each digestion. Suitable digestions will produce an enrichment of RNA fragments in the size range of 50-300nt ( Figure 2B ). Exclusion avoids potential saturation of proteinase K. Note that each extra 20nt of RNA will add ~7kDa to the molecular weight of the protein-RNA complex. Accordingly, high molecular weight RBPs or higher order complexes (e.g. dimers in Figure 2A ) may benefit from being run for extended periods on higher percentage pre-cast gels in order to provide better resolution at these molecular weights.
A high
18. The high RNase sample does not need to be excised. However, it is recommended that the no antibody and no UV negative controls are excised in order to assess library preparation integrity. 19 . At this stage an aliquot of RNA can be run on a TBE-UREA denaturing gel to assess the size of the RNA fragments that have been extracted. The optimal size of RNA is between 50-300nt ( Figure 2B ). Since the cross-link site will be located at variable positions within RNA fragments, this size range leads to optimal cDNA insert sizes between 25-150nt.
20. Variation will exist between different batches of reverse transcription primer [13] . It is therefore recommended to test each new batch of reverse transcription primers to identify those that are producing optimal libraries. This can be achieved by taking a single low RNase sample up to Once it has been established that the denaturing conditions used can fully separate the low molecular weight marker into single stranded nucleotides (i.e. no ladder double bands due to partial denaturing), then it is possible to use a previous cutting guide if conditions have been kept identical (Figure 3) . 23 . Ladder staining should be carried out as quickly as possible as the TBE-UREA gels will start to swell once the cassette is open. A practice run on a ladder is recommended before the first iCLIP experiment, whilst a premade cutting guide can also be used as indicated in Note 22.
24. Three bands are cut from each sample. This is to avoid PCR bias towards shorter fragments at later steps. The lowest band contains short insert sizes that are less mapable than the medium and high bands. However, they may contain short RNAs including miRNAs. Unless short RNAs are desirable, the crushed low band can be stored at -20 o C for processing at a later date if required. Should PCR analysis reveal inaccurate and high cutting, then the stored low band may also be processed to produce optimal cDNA libraries.
25. Over amplification of cDNA can lead to secondary products appearing above the expected size ( Figure 4B ) [13] . At higher cycle numbers these products are too large to migrate on the 6% TBE gels. These secondary products carry the necessary sequences required for flow-cell hybridisation and so should be removed through PCR optimisation. Figure 4B then the next test PCR should be reduced by [4] [5] cycles in order to get optimal amplification at 20-21 cycles. t a g a g c a t a c g g c a g a a g a c g a a contaminating RBPs in complex with the RBP-of-interest, RBPs which nonspecifically bind to the beads, or RNAs which stick to the beads. Once on the beads, the exposed RNA termini are manipulated to allow a universal adapter to be ligated to the 3' ends. In addition to providing a specified sequence with which to carry out reverse transcription during library production ( Figure 1B) , the adapter has a fluorophore attached which allows analysis of the protein-RNA complexes following SDS-PAGE and transfer to nitrocellulose membrane to remove non-crosslinked RNA (Figure 2A ). Protein-RNA complexes are then purified from the membrane using a cutting-mask made from the fluorescent image, before the protein is removed by proteinase K digestion and RNA extracted ahead of cDNA library preparation. Library preparation begins with reverse transcription using bipartite adapters which are complementary to the ligated adapter at their 3' end ( Figure 1B) . The remainder of the primer completes the sequence of a 3' solexa sequencing primer, and also contains a juxtaposed 5' solexa sequence in the opposing orientation followed by experimental barcodes (Figure 1B) . The reverse transcription reaction will truncate at the cross-link site, which still retains a covalently bound short polypeptide, in approximately 80-100% of reactions. Following cDNA size selection and primer removal using a cDNA cutting mask ( Figure 3 ) from a denaturing gel, the 5' solexa sequence and barcodes of the reverse transcription primer are ligated to the 3' end of the cDNA in a circularization reaction. The 3' cDNA end corresponds either to the truncation site (80-100%) or read-through sequence (0-20%), thereby capturing all CLIP events unlike other methods (Table 1 ). These can be distinguished bioinformatically following sequencing. A BamH1 digestion of the circularized cDNA at a site in between the 5' and 3' solexa primers results in a linear cDNA with 5' and 3' solexa sequences appropriately located at either termini to permit PCR amplification of the library ahead of quantification and next generation sequencing ( Figure 4 ). Importantly, random barcodes contained within the reverse transcription primer barcode region allow PCR duplicates to be filtered out during computational analysis to ensure quantitative nature of the approach is maintained. B) Adapter and oligonucleotide alignments for the iCLIP protocol. Colours are matched to the adapters and oligonucleotides shown in Figure 1A . 
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